Arterial hypotension can be induced by sudden release of inflated thigh cuffs (THC), but its effects on the cerebral circulation have not been fully described. In nine healthy subjects [aged 59 (9) yr], bilateral cerebral blood flow velocity (CBFV) was recorded in the middle cerebral artery (MCA), noninvasive arterial blood pressure (BP) in the finger, and end-tidal CO2 (ETCO 2 ) with nasal capnography. Three THC maneuvers were performed in each subject with cuff inflation 20 mmHg above systolic BP for 3 min before release. Beat-to-beat values were extracted for mean CBFV, BP, ETCO 2 , critical closing pressure (CrCP), resistance-area product (RAP), and heart rate (HR). Time-varying estimates of the autoregulation index [ARI(t)] were also obtained using an autoregressive-moving average model. Coherent averages synchronized by the instant of cuff release showed significant drops in mean BP, CBFV, and RAP with rapid return of CBFV to baseline. HR, ETCO 2 , and ARI(t) were transiently increased, but CrCP remained relatively constant. Mean values of ARI(t) for the 30 s following cuff release were not significantly different from the classical ARI [right MCA 5.9 (1.1) vs. 5.1 (1.6); left MCA 5.5 (1.4) vs. 4.9 (1.7)]. HR was strongly correlated with the ARI(t) peak after THC release (in 17/22 and 21/24 recordings), and ETCO 2 was correlated with the subsequent drop in ARI(t) (19/22 and 20/24 recordings). These results suggest a complex cerebral autoregulatory response to the THC maneuver, dominated by myogenic mechanisms and influenced by concurrent changes in ETCO 2 and possible involvement of the autonomic nervous system and baroreflex.
In recent years, one of the main applications of the THC maneuver has been the study of cerebral blood flow (CBF) autoregulation. As shown by Aaslid et al. (2) , the sudden drop in MBP induces a concomitant rapid drop in CBF, usually estimated from measurements of CBF velocity (CBFV) obtained with transcranial Doppler, which returns to its original value before the MBP signal, thus showing the dynamic nature of cerebral autoregulation (CA) (2, 39) .
Different approaches have been adopted to quantify the transient relationship between CBFV and MBP following THC deflation, such as the rate of regulation (RoR) (2) , the autoregulation index (ARI) (39) , or other indexes (6) . Although changes in key physiological variables such as heart rate (HR) and Pa CO 2 have been reported following the release of pressurized THC (8, 14, 16, 27) , these potential confounders have been largely ignored in applications of the THC approach for assessment of dynamic CA. One exception though is the study of Ogoh et al. (27) where changes in HR were shown to be correlated to the RoR index following autonomic blockade.
More detailed analyses of the cerebrovascular effects of the THC maneuver and the influence of other physiological variables on dynamic CA indexes have the potential to advance our understanding of CBF regulation as well as improving current techniques for assessment of dynamic CA. One relevant recent development is the possibility of obtaining continuous estimates of ARI with temporal resolution of a few seconds. The feasibility of this approach has been demonstrated in recordings obtained at rest (31, 35) , and during respiratory maneuvers such as breath holding or hyperventilation (10, 30) , and during the Valsalva maneuver (5) . However, time-varying changes in dynamic CA parameters have not been described during the THC maneuver. If dynamic CA is shown to vary during THC inflation, or following its sudden deflation, this will influence current conceptual models of CBF regulation and will also impact on the direction of future research on cerebral hemodynamics. Moreover, existing techniques for assessment of dynamic CA will also need to be revised with the prospect that a more refined approach to CA assessment might also lead to clinical benefits. To investigate this possibility, we tested the hypothesis that dynamic CA does not remain constant following the release of pressurized THC in healthy adult subjects and have also tested the potential contribution of HR and Pa CO 2 to explain these changes.
METHODS
Subjects and measurements. Data for the current study were collected as part of a PhD project (for N. P. Saeed) and previously used as the control group for a clinical study (37) . Reanalysis of the same set of data in the current study was performed to test different and original hypotheses. In brief, healthy subjects were recruited from departmental staff and their relatives. Subjects were free from any cardiovascular or neurological disease. The study was approved by the local ethics committee (09/H0403/25), and written informed consent was obtained from each subject.
Continuous noninvasive measurement of arterial BP was performed in the middle finger of the nondominant hand with the Finapres device (Ohmeda 2300). Casual BP was measured in the opposite upper arm using a validated sphygmomanometer (Omron 705CP-11). Bilateral measurements of CBFV were obtained in the middle cerebral arteries (MCA) with a 2-MHz probe supported by a headframe (Vyasis Companion III). A surface three-lead ECG was attached to the participants' arms and end-tidal carbon dioxide (ETCO 2 ) was recorded using small nasal cannulae connected to an infrared capnograph (Capnocheck Plus). The servo adjust function of the Finapres was switched off during recordings.
After recordings were stable for at least 15 min, BP was measured with the automatic sphygmomanometer and a 5-min baseline recording was obtained with the subject breathing normally. This was followed by three separate THC maneuvers, each preceded by a BP measurement with the Omron while the servo-adjust function of the Finapres was turned on and then off again before the continuous measurements. Large bilateral THC (Hokanson model C22) were inflated 20 mmHg above systolic BP for 3 min. Rapid deflation of the cuffs was achieved with a special cuff deflator (Hokanson model RD2) to induce a sudden drop in BP, with recording of all signals continuing for another 90 s.
Continuous recordings of BP, CBFV, ETCO 2 , and ECG were sampled at 500 samples/s with 16-bit resolution and stored for further analysis.
Data analysis. Data were carefully inspected and edited to remove narrow spikes (Ͻ100 ms) by linear interpolation.
The beginning and end of each cardiac cycle was automatically detected using a matched filter of the QRS complex of the ECG to obtain beat-to-beat values of HR. Mean, systolic, and diastolic values of BP and CBFV were extracted for each cardiac cycle. Resistancearea product (RAP) was calculated as RAP ϭ P1/V1, where P1 and V1 are the first harmonics of the BP and CBFV waveforms for each cardiac cycle, respectively. RAP can also be calculated from the linear regression of the velocity-pressure scatterdiagram for each cardiac cycle, but it has been shown that the first harmonic method provides more robust estimates (34) . With the use of this value of RAP, critical closing pressure (CrCP) can then be determined from CrCP ϭ MBP Ϫ MCBFV.RAP, where MCBFV is the mean CBFV for each cardiac cycle. The end-tidal value of the continuous ETCO 2 signal was automatically detected and resampled in synchrony with the cardiac cycle using linear interpolation. Beat-to-beat values of all extracted parameters were interpolated with a third order polynomial and resampled at 5 Hz to produce signals with a uniform time base. The resulting ensemble of time-varying parameters was visually inspected, and the position of the MBP drop was marked as a reference for further analyses. THC maneuvers were only accepted if the induced drop in MBP was Ͼ15 mmHg.
The efficiency of dynamic CA was assessed using the second-order differential equation model proposed by Tiecks et al. (39) . The three main model coefficients were combined by Tiecks et al. (39) to provide an unidimensional scale characterized by a single parameter, the autoregulation index (ARI) that varies between 0 (absence of autoregulation) to 9 (best observed CA). For an idealized negative step change in MBP, each value of ARI leads to a CBFV step response that mimics the physiological response to the THC release. By comparing each one of these ideal responses to real data, usually based on least square curve fitting, it is possible to identify the value of ARI that best represents the efficiency of dynamic CA for each response to THC release. This approach will be referred to as "classical ARI" and was adopted to extract a single value of ARI for each THC maneuver.
Continuous estimates of ARI, represented by ARI(t), can also be generated as described previously (30) . For the entire recording, including the THC maneuver, the dynamic relationship between beat-to-beat values of MBP and CBFV was modeled in the timedomain, using an autoregressive-moving average model. Instead of the classical approach where coefficients are constants, in this case model coefficients were expanded as a Fourier series and their corresponding amplitudes also determined by least squares, using a maximum of 20 sinusoidal functions (45) . With the use of the estimated time-varying model coefficients, it is then possible to obtain CBFV step responses for each time sample along the recording and, from each step response, one estimate of ARI(t), following the same procedure as for the classical ARI, that is by fitting one of the 10 template responses proposed by Tiecks et al. (30, 39) . Time series of ARI(t) were obtained for each THC maneuver comprising 3 min before cuff release and 90 s postrelease after subsampling the data to time intervals of 0.6 s. An example of ARI(t) obtained with the sinusoidal expansion is given in Fig. 1 .
Statistical analysis. For each subject, average curves of MBP, HR, ETCO 2 , mean CBFVR (right MCA), mean CBFVL (left MCA), RAPR, RAPL, CrCPR, CrCPL, ARIR(t), and ARIL(t) were obtained by coherent averaging using the time point of cuff release as the point of synchronism. From these, population mean and SD curves were obtained by averaging across subjects. Repeated-measures ANOVA was used to test for longitudinal changes in parameters at five time points corresponding to baseline (BSL), pre-THC release (pre-REL), and then 5, 20, and 40 s after release (REL 5, REL20, and REL40, respectively). BSL corresponds to the average parameter value for 10 s at the beginning of cuff inflation. For pre-REL, REL5, REL20, and REL40, parameters were averaged for 5 s around the central point with pre-REL centered 5 s before release. Tukey's post hoc test was applied as appropriate. Paired t-tests were adopted to assess differences between BSL and pre-REL, using Bonferroni adjustment for multiple testing.
After THC release, the temporal pattern of ET CO 2 and HR were cross correlated with ARI(t) using a 60-s window. The first maximum value of cross correlation was extracted for the HR-ARI(t) crosscorrelation function and the first minimum value for the ET CO 2 -ARI(t) cross correlation. These values were compared with the 95% confidence limit of the cross-correlation function calculated as 1.96/͌N, where N ϭ 100 is the number of samples adopted for cross-correlation estimates, corresponding to 60 s. Differences were accepted as significant for P Ͻ 0.05.
RESULTS
Ten healthy volunteers were recruited to the study, but one subject could not complete her measurements due to intolerance to THC inflation. Complete measurements were obtained in nine subjects (seven males). Mean (SD) age was 59 (15) yr, and baseline characteristic values of main physiological parameters are given in Table 1 . Of a total of 27 THC maneuvers, one was rejected due to a MBP drop Ͻ15 mmHg and in another ET CO 2 could not be recorded due to technical problems. In one subject, CBFV measurements could not be obtained in the right MCA; in this case only parameters derived from the left MCA were considered for analysis. One recording for the left MCA could not be used for estimation of ARI(t) due to excessive noise. As a result, 22 THC maneuvers were available for analysis for the right MCA (8 subjects) and 24 for the left MCA (9 subjects), with a minimum of 2 THC maneuvers per subject.
Representative temporal changes in physiological parameters are shown in Fig. 1 for a 46-yr-old male subject. Figure 2 gives corresponding population averages. In both figures, the MBP trace is repeated in both columns ( Statistical analysis of parameter values at baseline and at four selected time points is summarized in significant longitudinal differences on a repeated-measures ANOVA (P Ͻ 0.01). Paired t-tests did not show any significant differences between values at baseline (BSL) and 5 s before THC release (pre-REL; Table 1 ). Following THC release (REL 5 ), the fall in MBP (P Ͻ 0.01), CBFV (P Ͻ 0.01) and RAP (P Ͻ 0.01) was all significant compared with prerelease values (Table 1 ). The rise in HR (P Ͻ 0.05) and ET CO 2 (P Ͻ 0.05) ϳ20 s after release (REL 20 ) was also significant compared with preceding values. Finally, ARI(t) also presented highly significant changes, with the peak at REL 20 showing marked differences compared with values at pre-REL (P Ͻ 0.01) and REL 5 (P Ͻ 0.01, Table 1 Fig. 3 , B and C, the large majority of recordings for the right and left MCA had significant minimum values for the ET CO 2 -ARI(t) cross-correlation and maximum values for the HR-ARI(t) cross correlation.
DISCUSSION
Main findings. Longitudinal changes in the performance of dynamic CA induced by the THC maneuver have not been described previously. The temporal changes observed in individual recordings (Fig. 1G) and in the population as a whole (Fig. 2G ) were characterized by a prominent peak in ARI(t) ϳ20 s after THC release. The temporal association of these changes with preceding changes in HR and ET CO 2 , and the results of the cross-correlation analysis, suggest that changes in ARI(t) could have been caused by one or both of these variables. The similarity of responses obtained from the right and left MCA, as shown in Figs. 2 and 3 , adds confidence to the robustness of our findings.
Previous studies of dynamic CA based on the THC maneuver have estimated temporal changes in cardiovascular resistance by the ratio MBP/CBFV, mainly as a step towards calculation of the RoR index (2, 27, 42) . However, cerebrovascular resistance does not provide a realistic representation of instantaneous pressure-flow curves of the cerebral circulation (7, 28) . A considerable number of studies have shown that as MBP is reduced, CBF (or velocity) tends to reach zero for MBP values that are significantly above zero. This value of MBP has been called the CrCP of the cerebral circulation (1, 7, 9, 28) . Conversely, the slope of instantaneous pressure-velocity relationships has been termed RAP to take into account the dimensional units of the ratio ⌬MBP/⌬CBFV (11). To our knowledge, time-varying changes in RAP and CrCP during the THC maneuver have not been reported before. Following the drop in MBP, RAP is significantly reduced, with minimal changes in CrCP (Fig. 2, E and F) . The relevance of this finding will be discussed below.
Finally, one important finding of our study was the lack of major physiological differences between baseline and pre-REL for most parameters studied (Table 1) . Concerns have been raised in the literature that maintaining cuff compression for several minutes could lead to sympathetic nervous system activation, mainly due to the pain caused by THC inflation. In this case, the efficacy of dynamic CA could be affected, either directly (13, 26, 44) or due to changes in breathing patterns, that could then lead to alterations in Pa CO 2 , a potent determinant of dynamic CA (2). Our results suggest that such concerns are unlikely to be founded given the lack of significant differences between the BSL and pre-REL stages in Table 1 .
Hemodynamic changes during the THC maneuver. The relatively narrow and transient CBFV response to the substantial MBP drop following THC release indicates that dynamic CA was active in this group of subjects. The related changes in HR and ET CO 2 have been reported previously (8, 14, 16, 27) , but their relevance to the cerebrovascular response has been largely ignored. The rise in HR following THC release has usually been interpreted as the baroreflex response to the rapid drop in MBP (8, 27, 40) . Following parasympathetic blockade with atropine, the HR increase after THC release was not altered leading to the suggestion that the response was purely sympathetic in origin (40) . On the other hand, Ogoh et al. (27) did not observe a significant change in the increase in HR following cuff release after ␤ 1 -adrenergic blockade with metoprolol, but the response nearly disappeared when complete blockade was achieved by the addition of glycopyrrolate. The reasons for these diametrically opposed results are not clear, but could be due to methodological differences between studies. Ogoh et al. (27) measured the HR change only during the time interval 1-3.5 s after cuff release, while in our case and others, it is possible to see that the peak HR change only occurred ϳ10 s after release. On the other hand, Toska et al. (40) produced very rapid inflation of THC that was maintained above 200 mmHg for less than a minute. Finally, persistence of the HR response after atropine, compared with blunting of the response with glycopyrrolate, could be due to different mechanisms of action of the two parasympathetic blockers (12) . The physiological origins of the rise in ET CO 2 , ϳ10 -30 s after THC release, are more debatable. One possible explanation would be the recirculation of blood trapped in the legs during arterial occlusion (14) . Alternatively, the ET CO 2 transient could reflect normalization of hyperventilation-induced hypocapnia preceding cuff release, but this was dismissed by Innes et al. (16) since the response was still present when subjects breathed 5% CO 2 in air. Independent of its origins, Pa CO 2 has a well-known influence on the efficacy of both dynamic and static CA and this will be discussed in connection with the ARI(t) findings in the section that follows.
The different behavior of RAP and CrCP in response to a sudden drop in MBP ( Fig. 2 and Table 1 ) is one of the most important findings of this study. Previous studies have shown that the increase in CBFV induced by hypercapnia was largely due to a reduction in CrCP, with limited contribution from RAP (28) . Moreover, when CBFV was increased by cognitive or sensorimotor paradigms, this was achieved mainly through changes in CrCP, also with only limited contribution from RAP (20, 32, 33) . These observations, and the close association of the RAP responses with preceding MBP changes (32) , have led to the hypothesis that CrCP mainly reflects metabolic regulation of CBF while RAP is related to myogenic mechanisms controlling dynamic CA. Although much more work is needed to ascertain the validity and generalizability of these associations, the suggestion that the THC maneuver may involve an almost purely myogenic response could lead to more selective approaches to investigations of CBF regulation, compared with other methods, such as spontaneous fluctuations in MBP, changes in posture, synchronized breathing, or Valsalva maneuvers, that might (or might not) recruit a mixture of myogenic and metabolic regulatory mechanisms. For this reason, it would be important to perform similar investigations into relative changes in RAP and CrCP for a range of other methods that have been adopted for dynamic CA assessment. Differences in the extent of myogenic or metabolic involvement in dynamic CA responses to different stimuli that induce changes in MBP could help to explain the lack of intermethod agreement in studies of dynamic CA (41) .
Nonstationarity of dynamic CA. Time-varying estimates of dynamic CA indexes have been reported for spontaneous fluctuations in MBP (15, 18, 21, 31, 35) , respiratory maneuvers (10), step changes in Pa CO 2 (17, 19) , Valsalva maneuver (5), tilting (25) , and the handgrip maneuver (24) . Collectively, these studies demonstrate that parameters describing dynamic CA are not fixed quantities but, on the contrary, show considerable variability at rest or due to the influence of other physiological variables (4, 29) . Results obtained during THC compression and release confirmed the nonstationarity of dynamic CA as expressed by ARI(t). For both MCA, ARI(t) showed a peak at ϳ10 -20 s after cuff release, significantly larger than preceding values. Comparison of the ARI(t) transient with peaks in HR and ET CO 2 following THC release suggests possible associations. Although correlation can never be assumed to imply causality, in the case of cross correlations, the time delay corresponding to minimum or maximum values can add information to the likelihood of cause-effect mechanisms. The temporal association of the ARI(t) peak with the corresponding HR transient and time delays of less than a second suggest that ARI(t) is closely related to the baroreflex response triggered by the drop in MBP as proposed by Ogoh et al. (27) . However, it is also possible that other physiological mechanism(s) could be behind these changes. In previous studies, temporary drops in ARI(t) were hypothesized to result from the alert reaction associated with cognitive or sensorimotor paradigms (10, 24, 32) , which could also explain the reduction in dynamic CA efficiency due to visual stimulation as reported by Nakagawa et al. (22) . The potential influence of an alert reaction, in anticipation to the release of THC, would provide a more cohesive interpretation of the changes in ARI(t) in Fig. 2G since there is a clear drop preceding cuff release, followed by the marked peak 10 -20 s after THC release. If this is the case, why is the transient drop followed by the relatively large peak ϳ10 -20 s after THC release? Based on previous studies of the effects of autonomic blockade on dynamic CA (27, 44) , one possibility would be sympathetic activation.
Although it is generally accepted that increases in sympathetic activity tend to reduce CBF (38) and in the parasympathetic drive tend to induce vasodilation (12), the corresponding effects on dynamic CA are much more controversial (3). Assuming that sympathetic activation induces cerebral vasoconstriction, the expectation is that this would lead to improvements in dynamic CA, similar to the effects of hypocapnia. This interpretation is supported by the findings of Ogoh et al. (26) based on ␣ 1 -adrenoreceptor blockade with prazosin during THC maneuvers and could also explain the proposed association of the baroreflex and dynamic CA (27) . If sympathetic activation, related to the baroreflex response, is driving ARI(t) upwards following release, why then is there a second trough occurring at ϳ30 -40 s following release? Our speculation is that in absence of the rise in ET CO 2 (Fig. 2F) , instead of the peak there would be a higher plateau with ARI(t) and then a gradual return to its baseline value. Instead, the ET CO 2 transient is possibly inducing the second trough in ARI(t), as suggested by the highly significant negative crosscorrelation values (Fig. 3) with time delays that are in excellent agreement with the time constants involved in the dynamic effects of Pa CO 2 on CBF and dynamic CA (17, 19, 36) . Mean values of ARI(t) for 30 s following cuff release were not significantly different from the classical ARI (39) shown in Fig. 2G as horizontal bars. However, it is possible that selected temporal features of the ARI(t) transient response might be more sensitive and robust for clinical applications, something that warrants further investigation. In summary, the temporal pattern of the ARI(t) response to the THC maneuver, which was highly consistent when compared between hemispheres (Fig. 2G) , and clearly identifiable in most individual recordings (Fig. 1G) , is likely to result from the complex interplay of autonomic nervous system influences and concurrent changes in Pa CO 2 induced by the maneuver. These results warrant further investigation, ideally coupling estimates of ARI(t), or other time-varying indexes of dynamic CA with selective autonomic blockade and manipulation of Pa CO 2 levels.
Limitations of the study. Measurements of CBFV with transcranial Doppler can only be assumed to reflect changes in CBF if the cross-sectional area of the MCA remains constant. Strong evidence about the validity of this assumption for recordings performed during THC maneuvers comes from the validation study performed by Newell et al. (23) . Noninvasive measurements of BP in the finger could also introduce spurious changes to the pressure-flow dynamic relationship, but comparisons with estimates of ARI(t) derived from intra-arterial BP recordings in the ascending aorta suggest that this is unlikely to contribute to any artifacts in ARI(t) (35) .
Techniques for deriving estimates of ARI(t) are still at an early stage and considerable more work is needed to optimize their reliability. Compared with other techniques, such as the use of a 60-s moving window (10, 31) , the alternative of expressing ARI(t) with an orthogonal decomposition, such as the Fourier series we adopted in this study, presents significant advantages as discussed previously (30) . Nevertheless, either of these methods can display considerable intrasubject variability, as exemplified by the negative transient observed at t ϭ Ϫ70 s in Fig. 1G . For this reason, caution should be exercised when analyzing individual recordings and the use of coherent averaging (Fig. 2) is recommended to obtain more robust results with these methods.
With the use of only 20 sinusoidal functions for the orthogonal decomposition of ARI(t) limits the frequency response of its temporal changes to ϳ0.066 Hz for recordings with a 5-min duration. Increasing the number of functions would improve the temporal resolution of ARI(t) estimates but this would be penalized by greater computational complexity and also reduced reliability. Sensitivity analysis is one approach that could be adopted in the future to address this problem.
Our choice of performing repeated-measures ANOVA using five fixed time points could also be criticized due to the temporal variability of individual recordings, mainly regarding the REL 20 and REL 40 time points. One alternative would be to visually identify and extract individual values of peak ARI(t), peak HR, and peak ET CO 2 following cuff release, for example. This procedure would undoubtedly accentuate differences in relation to other time points and lead to greater statistical significance. As observed in Fig. 2D , for example, on average peak HR occurs well before REL 20 and the corresponding values in Table 1 are much less than the peak reached in the figure. Similar considerations would apply to characteristic features of ARI(t) and ET CO 2 as well. Instead of this more selective approach though, we preferred the use of fixed time points as a more objective procedure, despite its reduced sensitivity. The temporal variability of characteristic features is likely to have influenced the lack of significance of the repeated-measures ANOVA for ET CO 2 (Table 1) , coupled with the large SD of population averages (Fig. 2F) . For this reason, and given the presence of a clear peak around REL 40 in most individual recordings, we applied a paired t-test to show that the peak amplitude was significantly different from preceding values at REL 5 .
Finally, we have only manipulated cerebral perfusion pressure, by inducing a sudden drop in MBP, while the strength of our conclusions would be reinforced by the additional manipulation of other variables, such as inducing concomitant changes in Pa CO 2 or HR, immediately before cuff release, which should be important targets for future research in this area.
Summary. Analysis of multiple beat-to-beat cerebro-cardiovascular parameters, jointly with high-resolution estimates of ARI(t), an index of dynamic CA, has shown that in healthy subjects, the rapid recovery of CBFV following the sudden drop in MBP, resulting from the release of inflated THC, was mainly due to a drop in RAP without significant changes in CrCP. This finding suggests that the THC maneuver induces a purely myogenic response, without significant involvement of metabolic mechanisms. The temporal pattern of ARI(t) presented significant transient changes that were ascribed to multiple influences from the autonomic nervous system, possibly triggered by an alert reaction to THC deflation combined with the baroreflex response to the MBP drop, and fluctuations in Pa CO 2 . No significant differences were observed in most cerebro-vascular parameters from the beginning of cuff inflation up to a few seconds before release. This is an important finding as it lessens concerns about any changes in normal physiological conditions that could be caused by the process of cuff inflation.
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